The instrumentation utilized to obtain the infrared spectrum of ions trapped in helium nanodroplets has been described in several preceding publications. [1] Concisely, the instrument comprises a modified commercial quadrupole time-of-flight mass spectrometer coupled to custom chambers for helium nanodroplet formation, ion pickup, and spectroscopic interrogation. Ions are transferred to the gas phase by nanoelectrospray ionization (nESI), m/z-selected by a quadrupole mass filter, and directed via a DC bender into a hexapole ion trap. A fraction of these ions are then picked up by a pulsed beam of helium nanodroplets traversing the trap (average size of ~2 × 10 4 He atoms). [2] The helium droplets with embedded ions possess sufficient kinetic energy to escape the potential well of the hexapole trap and travel to the laser interaction region, where the helium nanodroplet beam overlaps with focused infrared radiation produced by the Fritz Haber Institute free-electron laser (FHI FEL). [3] 
Resonant photon absorption by the embedded ions leads to evaporation of helium, and the sequential absorption of multiple photons yields free ions that can be detected by time-of-flight mass spectrometry. [1a, 1b, 4] The measurement of ion signal as a function of photon energy therefore provides an infrared spectrum of the embedded ions. [1d] Each data point represents an average of 25 repetitions of the ion ejection and detection process. As a first-order correction to the nonlinear dependence of ion signal intensity on transition strength and photon flux, [1a, 1b, 2, 4a] signal intensities are divided by the measured energy of the FEL macropulse. Additionally, regions of the spectrum where low-intensity features were observed were often measured with a higher photon flux (i.e., a more focused laser beam) to improve the signal intensity. The spectral region was then scaled to match the intensity measured at lower photon flux.
The formate dimer ions were generated by nESI of a 0.5% (v/v) aqueous solution of formic acid, formic acid-13 C, or formic acid-d2 (Sigma-Aldrich, Munich, Germany). For measurement of the fully deuterated formate dimer, [2DCOO − +D + ] − , a 0.5/49.5/49.5% (v/v) solution of formic acid-d2/CH3OD/D2O was utilized. In addition, a flow of nitrogen bubbled through a solution of D2O was introduced as a cone gas at the atmospheric pressure inlet to reduce back-exchange of the shared deuteron for a proton during the transfer across the intermediate vacuum stages of the instrument.
Vibrational Predissociation Spectroscopy
Gas phase Ar-tagged formic acid anions were generated by passing 40 PSI Ar over a temperature-controlled (4.0-6.0C) reservoir containing 90% formic acid; this mixture was expanded through a pulsed valve (General Valve, 0.5 mm orifice). The deuterated formic acid analogues were obtained using formic acid-d2 (Sigma-Aldrich, 98 atom % D). The expansion was ionized using a counter-propagating 1 keV electron beam, and the ions of interest were mass-selected in the Yale double focusing, tandem time-of-flight (TOF) photofragmentation spectrometer described in detail previously. 17, 20 The spectra reported here are averages of ~15 individual scans and include corrections for fluctuations in laser pulse energy over the scan range. The effective resolution of the spectrometer is ~4 cm -1 (FWHM) due to laser bandwidth and scan reproducibility.
Theoretical Chemical Calculations
Theoretical investigation of possible structures of the formate dimer was undertaken with calculations performed in Gaussian09 rev. D.01. [5] Relaxed dihedral angle scans and subsequent calculation of the harmonic vibrational modes of local minima were performed at the MP2/aug-cc-pVTZ level of theory. [6] Additionally, the accurate energies of local minima were computed from a complete basis set extrapolation scheme by Halkier et. al [7] using the aug-cc-pVnZ (n=3,4,5) basis sets and corrected for the difference between CCSD(T) and MP2 electron correlation energy using the aug-cc-pVTZ basis set. [8] Zero-point energy (ZPE) corrections were evaluated utilizing the harmonic approximation. For the fully symmetric structure 3, ZPE corrections were taken from the fully symmetric geometry, although this geometry in fact corresponds to a transition state with an extremely low barrier height of less than 4 × 10 −3 kJ/mol. Optimization and harmonic frequency calculations for local minima were also performed at the MP2/ def2-TZVPP level of theory, [9] where structure 3 does not correspond to a transition state.
The reduced masses and cartesian displacement vectors for structure 1 obtained from harmonic frequency calculations at the MP2/aug-cc-pVTZ level of theory were further utilized to generate potential energy surfaces in a normal coordinate basis. Following the method of Tan and Kuo, [10] single point calculations at the MP2/aug-cc-pVTZ level of theory were utilized to generate a grid in each dimension (i.e., along each normal coordinate). In one dimension, the geometry at any point on the grid can be represented as
where is the equilibrium geometry of the molecule, is the cartesian displacement vector for normal mode i obtained from the Gaussian 09 output, Δ is the grid step size of normal mode i, and is the step number, which adopts integer values from −(ntotal − 1)/2 to (ntotal − 1)/2, where ntotal is the number of grid points. For 1D and 2D PES construction, 17 grid points were used, and 9 grid points were used for 4D PES construction. For a hypothetical three-dimensional grid consisting of normal modes i, j, and k, the geometry at any point on the grid is given by
The relative step sizes for each normal mode fulfill the condition
where is the reduced mass of normal mode i.
To obtain the eigenstates and eigenvectors of the Hamiltonian for these potential energy surfaces, a discrete variable representation [11] was utilized, as previously described by Colbert and Miller. [12] The Hamiltonian matrix was constructed and diagonalized within Mathematica 11.1 (Wolfram, Oxfordshire, United Kingdom). A similar process was repeated to obtain the potential energy surfaces as well as eigenstates and eigenvectors of the vibrational Hamiltonian for the fully deuterated formate dimer.
To quantify the normal mode contributions to the coupled vibrational modes, eigenvectors obtained from multidimensional potential energy surfaces were decomposed as a linear combination of the outer products of eigenvectors in each component dimension (i.e., the outer product of eigenvectors from one-dimensional potentials). A least squares method was utilized to find the weighting factors in the linear combination. When the multidimensional and one-dimensional eigenvectors are first normalized, the relative contribution of each normal mode state is obtained as the square of the weighting coefficient in the linear combination. To obtain the atomic motion associated with the coupled vibrational modes from the two-dimensional potential, the squared coefficients were utilized as weighting factors for the Cartesian displacement vectors obtained from frequency calculations in Gaussian 09. where is Avogadro's constant, is the speed of light, ℏ is the reduced Planck's constant, 0 is the permittivity of vacuum, and , is the energy difference between f and i in joules. fully shared proton or deuteron, whereas structure 2 (green) exhibits a localized proton or deuteron and double contact structure (see Figure 2 ). Calculations were performed at the MP2/def2-TZVPP level of theory. Figure S3 . Comparison of experimental spectra for HCOOˉ·H + ·ˉOOCH (a), H 13 COOˉ·H + ·ˉOOC 13 H (d), and DCOOˉ·H + ·ˉOOCD (g) to harmonic theoretical spectra (0.952 scaling factor) for low-energy structures 1 (b, e, h) and 2 (c, f, i). Structure 1 (blue) features a fully shared proton, whereas structure 2 (green) exhibits a localized proton and double contact structure (see Figure 2 ). Calculations were performed at the MP2/def2-TZVPP level of theory.
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